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ABSTRACT 
 
This study was completed to determine the anisotropy in molybdenum disulfide, MoS2, 
thin films.  The hexagonal crystal structure of MoS2 and recent results on tungsten diselenide, 
with a similar structure, lead to the belief that MoS2 may exhibit ultralow thermal conductivity.  
Thermal conductivities were measured using the time-domain thermoreflectance method.  MoS2 
samples were prepared with different crystallographic orientations relative to the substrate by 
magnetron sputtering and ion-beam-assisted deposition.  The thermal conductivity of MoS2 was 
measured as low as 0.2 W/m-K, very low for a fully dense solid and 3 times lower than in the 
amorphous phase.  Although thermal conductivity was not strongly dependent on the orientation 
of the crystal structure, deposition parameters can be used to control thermal conductivity. 
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CHAPTER 1 
INTRODUCTION 
 
Thin films are used in a wide variety of applications in many fields.  Silicon-
based semi-conductor devices, industrial and optical coatings, micro-electromechanical 
systems, biomedical research, lasers and electro-optics are just some examples of areas in 
which thin films are important.  The physical and thermal properties of these films are 
important for their suitability for given applications.  Often the thermal properties play an 
important role in the development of new technologies.  The thermal properties of thin 
films such as thermal conductivity and diffusivity can be vastly different than that of the 
bulk properties.  The determination of these properties is not a trivial problem and 
requires complex measurement techniques.  
In the semi-conductor industry, electronic devices are governed by the flow of 
charges in the form of electrons.  Our understanding of how to engineer devices to 
control the flow of electrons has given rise to the advancement of solid-state devices into 
a major global industry and driver of economic growth throughout the world.  With solid-
state electronics, only metals and semi-conductors allow charges to flow.  In a broader 
sense, energy is transported in the form of heat through all materials.  The understanding 
and control of thermal transport is of great importance to the development of future 
technology. 
The development of thermoelectric energy conversion is faced with some 
fundamental limitations one of which is thermal conductivity.  Thermoelectric materials 
are characterized by a factor ZT which is proportional to the inverse of thermal 
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conductivity.1  Studying and measuring the thermal properties of semiconductor 
properties is critical for the advancement of this technology to widespread usage.  
Another significant reason to study thermal properties of thin films is the development of 
solar cells.  Solar energy is an important alternative to fossil fuels.  The current research 
in this area is taking place at the nanoscale.2  The thermal behavior of the solar cells 
affect how efficiently solar energy can be absorbed and converted to electrical energy.3  
These are just two examples of the significance of determining thermal properties of thins 
films can be to the energy problems faced by science today. 
 Molybdenum disulfide, MoS2, films are an interesting case because their 
crystallographic orientation can be controlled during deposition.4,5  This ability to control 
orientation allows for studying thin films in which the thermal anisotropy can be 
determined by the deposition parameters.   MoS2 is in a class of materials in which the 
disorder of the crystal layers produces an ultralow thermal conductivity, below the 
minimum predicted by Einstein.  Chiritescu et al.6 reported the lowest thermal 
conductivity ever observed in a fully dense solid for tungsten diselinide, which has a 
crystal structure comparable to MoS2.  Further understanding of the properties of 
molybdenum disulfide and other thin films with very low thermal conductivities could 
lead to their use in real world applications.   
Energy is a driving force in the economy of both the United States and the world.  
Understanding the thermal properties of these thin films and utilizing their development 
in innovative energy systems will be a major factor in increasing the efficiency of using 
available energy resources while minimizing the negative effect on the environment.  
 3 
Researching the anisotropy in the thermal conductivity of molybdenum disulfide could 
play a part in working towards solving the world’s energy problems. 
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CHAPTER 2 
BACKGROUND 
 
2.1  Thermal Conductivity 
Fourier’s law describing heat conduction has, since the mid-1800’s, been the 
engineer’s method of describing, analyzing and predicting heat flows via conduction.  
Although it is an empirical formula and not a true scientific law, Fourier’s law works 
exceedingly well in real-world, macroscale systems.  Today, much interest is given to the 
study of materials and systems on the micro and nanoscale.  Heat transfer in nonmetals is 
governed by the transport of phonons, or lattice vibrations, through a material.  At these 
scales, surface, interface and grain boundaries all scatter phonons, affecting the transport 
of thermal energy.  It is reasonable to think that by controlling these interfaces, thermal 
conductivity of the material can be engineered for specific applications. 
The characteristic length of a sample plays a major role in determining the 
thermal transport in the material.  When the characteristic length of the material, such as 
the film thickness, is on the same scale as the mean free path of the mode of thermal 
transport, phonons, the effects of the boundary and interface scattering becomes 
important to heat transfer.7  Phonons in insulators and semiconductors have a mean free 
path around 10-100 nm.8  This means that thermal conductivity is a function of size as 
well as temperature.  In typical materials, phonon acoustic waves travel at rates of a few 
nanometers per picosecond.9  To make measurements for thin films on the order of 
hundreds of nanometers, it is therefore necessary to resolve time increments on the order 
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of nanoseconds.  To accomplish this, ultrafast laser systems have been used to study the 
thermal properties of thin films.   
 
2.2  Thermal Conductivity Measurements 
For commercial use of nanoscale devices and materials, traditional property 
measurements are incapable of making measurements due to physical constraints.  To 
achieve accurate and reliable measurements, the metrology required to make these 
measurements has had to improve.  In addition to metrology, thermo-mechanical 
modeling is often used to make approximations of properties which cannot be directly 
measured.  This approach requires precise and accurate measurements of fundamental 
properties.10 
There are three major thermometry methods used to make measurements at the 
microscale:  scanning thermal microscopy, scanning optical thermometry and picosecond 
reflectance thermometry.8  Scanning thermal microscopy, SThM, measures heat transfer 
between a sharp tip capable of sensing temperature.  Tip-to-sample heat transfer rate 
affects the tip temperature.  Scanning the tip across a surface provides a map of spatial 
temperature distribution.  Using an atomic force microscope, AFM, cantilever as the 
sharp tip temperature sensor allows for mapping the temperature distribution in addition 
to topography with high special resolution.11  If the heat flux between the tip and surface 
is known, this SThM can be used to obtain local thermal properties. 
Scanning optical thermometry is a technique used to study the temperature 
distributions produced by electrical heating.  Optical thermometry directly probes the 
sample, detecting temperature changes through the optical reflectance.  Typical 
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measurements use visible or near visible radiation and have diffraction limited spatial 
resolution.  With periodic heating, this method can measure the temperature distribution 
with both high spatial and temporal resolution.8   
Picosecond reflectance thermometry can be used on picosecond time scales by 
using mode-locked lasers which can produce pulses shorter than a picosecond.  Time-
domain thermoreflectance, TDTR, is a measurement technique for measuring heat 
diffusion at nanometer scales.  TDTR provides a time resolution fast enough to resolve 
thermal transport experiments at the nanoscale.  Additionally, TDTR can resolve the 
interface conductance from thermal conductivity of a thin layer.8 
 
2.3  Ultralow Thermal Conductivity Materials 
Low thermal conductivity materials are typically glasses and electrically 
insulating materials. These materials can be described by a phenomenological model in 
which minimum thermal conductivity is described by the heat conduction from a random 
walk of vibrational energy.12  The Einstein minimum thermal conductivity is given by 
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The sum is over the three sound modes vi (two transverse and one longitudinal), kB is the 
Boltzmann constant, n is the number density of atoms, Θi is the cutoff frequency (in 
degrees K) and ħ is Planck’s constant. 
A disordered thin film of tungsten diselinide (WSe2) exhibits the lowest thermal 
conductivity measured in a fully dense solid at 0.05 W/m-K. 6  This ultralow thermal 
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conductivity was achieved by controlling the order and disorder of the anisotropic 
material.  The WSe2 was synthesized by an elemental reactants method in which 
sequential bilayers of WSe2 were deposited in vacuum.  After annealing, planes formed 
of W and Se, with strong covalent-ionic bonds forming sheets of WSe2 with weaker van 
der Waals forces holding together multiple sheets of WSe2.  Using x-ray diffraction, it 
was found that the surface normal to each sheet was also normal to the substrate surface, 
an orientation which will be called “parallel” to the substrate.  Molecular dynamics 
simulations compared well to the experimental data and suggest that the ultralow thermal 
conductivity is the result of the disordered, layered crystal arrangement and not merely a 
property of WSe2.  These results suggest that other materials with a similar structure 
could be engineered to reproduce ultralow thermal conductivities and perhaps control the 
material properties by controlling the order and disorder of the crystal structure.    
 
2.4  Molybdenum Disulfide 
Molybdenum disulfide, MoS2, is an interesting material for the study of thin film 
thermal properties.  The most common form of MoS2, both natural and synthetic, forms a 
hexagonal crystal structure, although a less common rhombohedral form also exists.  The 
crystal structure consists of a planar hexagonal layer or molybdenum sandwiched 
between two layers of sulfur atoms.13  MoS2 is classified as a transition metal 
dichalcogenide, which includes disulfides, diselenides and ditellurides of various 
transition metals.  Notably, only Mo and W dichalcogenides form hexagonal crystal 
structure.13  The properties of MoS2 are largely attributed to weak inter-planar bonding 
and strong intra-planar bonding.  It has been shown that there is strong anisotropy 
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between the compressibility in the direction along the sheets of Mo and S as compared to 
compressibility transverse to the planes.14 
Its hexagonal crystal structure, similar to that of WSe2, suggests that it may have 
an ultralow thermal conductivity.  Importantly, MoS2 can be synthesized by magnetron 
sputtering or ion-beam assisted deposition.  Using these methods MoS2 films can be 
grown significantly faster than by using the elemental reactants method used to grow the 
ultra low thermal conductivity WeS2 discussed above.  In addition to the high rate at 
which films may be grown, previous studies have investigated how changing the 
deposition parameters used to deposit MoS2 changes the properties, typically wear 
properties, and potentially the thermal properties. 
MoS2 films have been frequently studied for their properties as low friction solid 
lubricants and have been shown to have different wear characteristics depending on the 
orientation of the crystal planes in the film.  To determine the crystallographic 
orientation, several studies have characterized MoS2 films by x-ray diffraction using a θ-
2θ set-up.4,15  The films were characterized by measuring the peak amplitudes of the 
MoS2 basal and edge planes, or parallel and perpendicular planes, normalized for 
thickness and substrate composition.  The characteristic peaks for orientation of 
molybdenum disulfide are (002) or parallel and (100) or perpendicular.  The (002) peak is 
observed around 2θ ≈ 13°, while the (100) peak is observed at 2θ ≈ 33°.4  
Characterization by x-ray diffraction will be discussed in a later chapter. 
 Of interest is the fact that the orientation of the films can be altered by adjusting 
the synthesis parameters.  Seitzman et al.4 has shown that MoS2 grown by Ion Beam 
Assisted Deposition, IBAD, have increased perpendicularity with increased assist ion-to-
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atom ratio.  Muratore et al.5 shows that MoS2 films from rf sputtering exhibit an increase 
in perpendicularity with decreased sputtering rate.  Figure 1 and Figure 2 show these 
results from the work of Seitzman et al. and Muratore et al., respectively. 
 
 
Figure 1.  Crystallographic orientation as a function of  
assist ion-atom ratio from Seitzman et al.4 
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Figure 2. Magnetron sputtered MoS2 orientation vs deposition rate from Muratore et al.5 
 The minimum thermal conductivity predicted for MoS2, Λmin is 0.44 W/m-K at 
300 K.  This value was calculated using the speed of sound cD as 2057 m/s (longitudinal) 
and cS as 1347 m/s (transverse).16  The Young’s modulus was taken as 20 GPa, Poisson’s 
ratio as 0.125 and density of 4.9 g/cm3.13,17  
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CHAPTER 3 
EXPERIMENTAL METHOD 
 
3.1  Time-Domain Thermoreflectance 
Time-domain thermoreflectance, TDTR, was introduced briefly in the previous 
chapter.  Here we will describe the technique in greater detail.  TDTR is an optical pump-
probe measurement technique, using a pump and probe laser pulses and 
thermoreflectance to measure thermal transport in thin films.18  The TDTR experiments 
were conducted in the Laser and Spectroscopy Facility of the Fredrick Seitz Materials 
Research Laboratory at the University of Illinois.   
The experimental set-up for the TDTR measurements is shown in Figure 3.  A 
mode locked Ti:sapphire laser source produces a 785 nm wavelength beam with pulses 
around 100 fs.  The beam is split into two components—a pump and probe beam.  The 
pump beam, modulated at 10 MHz, is used to thermally excite the sample.  A mechanical 
stage sits in the path of the pump beam allowing for varying the relative path length and, 
therefore, a variable delay time.  If the top layer of the sample is metallic, in our case the 
samples are coated with a thin aluminum film, a fraction of the energy in the pump beam 
is absorbed, resulting in a temperature jump at the surface.8  The probe beam is used to 
measure the surface temperature after a given delay time from excitation by the pump 
beam by measuring the reflectance of the top layer of the sample.  A lock-in amplifier 
picks out the components of the photodiode signal (from the probe beam) which are at 
the modulated frequency.  This set-up allows for measurements with high temporal 
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resolution over a wide range of time scales from femtoseconds to nanoseconds.18  
 
Figure 3.  Time-domain thermoreflectance experimental set-up 
 
A schematic of the sample is shown in Figure 4.  A thin aluminum film, around 
100 nm, is sputtered onto the sample.  This aluminum layer serves a dual purpose: it 
absorbs energy from the pump beam and its known thermoreflectance coefficient allows 
for the calculation of surface temperature from the measured reflectance. 
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Figure 4.  Time-domain thermoreflectance sample schematic 
 
Measurements from TDTR come from a comparison of experimental data with a 
thermal model of the heat flow in the system.  Thermal properties of the sample are 
treated as free parameters and are varied to match the thermal model to the experimental 
data.  The thermal model19 is the frequency-domain solution for heat conduction in a 
semi-infinite solid where the laser-induced heating is modeled as a periodic point source.  
The temperature oscillations at the surface can be solved as a function of the amplitude of 
heat absorbed in the sample, thermal conductivity , thermal diffusivity of the sample, 
angular frequency of the heat source.  Layered sample structures are accounted for by 
prescribing a thermal conductivity, thermal diffusivity and thickness for each layer.   
 
Probe 
beam 
Pump beam 
Aluminum 
Silicon 
wafer 
Sample 
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The analysis of heat flow used to model TDTR experiments is given by Cahill.19  
The experiment is modeled as a semi-infinite solid heated by a periodic point source 
which has a solution of 
r
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where ω is the the angular frequency, Λ is the thermal conductivity of the solid, D is the 
thermal diffusivity and r is the radial coordinate.  Due to the cylindrical symmetry of the 
co-aligned laser beams, the solution can be simplified by using Hankel transforms, where 
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The power heating the surface (the pump laser) has a Gaussian distribution p(r) with w0 
as the 1/e2 radius of the beam and its Hankel transform is given by P(k). 
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The temperature oscillation distribution at the surface is given by θ(r), the inverse 
transform of the product of G(k) and P(k) 
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The probe beam, 1/e2 radius w1, measures a weighted average of the temperature 
distribution θ(r) 
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Assuming a low frequency limit such that 20wD<<ω  and the pump and probe beam 
have approximately the same diameter 10 ww = . 
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This solution is for a solid, but can be generalized for a layered geometry by adjusting 
G(k) to include the thermal conductivity, thermal diffusivity and thickness for n layers. 
 The lock-in amplifier picks out frequency components of the convolution at 
modulated frequency f and –f.  The real and imaginary parts are given by 
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The advanced arrival time of the pump beam gives rise to a phase shift 
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The rms voltage measured by the lock-in is given by 
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where V0 is the average voltage output of the detector and R is the reflectivity of the 
sample and Q is the quality factor of the resonant circuit.   
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The measured values from the experiment are the in-phase and out-of-phase 
components of the probe signal picked out at the modulated frequency, Vin and Vout 
respectively.  The voltages measured by the lock-in are related to the reflectivity by the 
average voltage output of the detector, the reflectivity of the aluminum and the quality 
factor of the lock-in resonant circuit as described above.19  The model is compared to 
measured experimental data by the ratio of Vin / Vout which minimizes errors from 
assuming a constant beam size when the beam size varies as beam path length changes.  
Figure 5 shows a typical TDTR experimental data and the model, fit by adjusting the 
thermal conductivity parameter to match the model with the data. 
 
Figure 5.  Typical TDTR data 
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 The input parameters for the solution are the thermal conductivity, thermal 
diffusivity and thickness of each layer as well as interface conductance between layers.  
Thermal diffusivity is defined by )( pcD ⋅Λ= ρ , thus specific heat capacity (per unit 
volume) and thermal conductivity are sufficient inputs as they can be used to calculate 
thermal diffusivity. 
 The top layer is approximately 100 nm of aluminum.  To approximate the 
absorption of the pump beam energy, the top 10 nm of Al are replaced with a 1 nm layer 
with a ten times the thermal conductivity and heat capacity of aluminum.  The specific 
heat of aluminum was taken as 2.42 J/cm3-K.20  The thermal conductivity of aluminum 
was found by measuring the electrical conductivity with the four-point-probe method and 
using the Wiedemann-Franz law to calculate thermal conductivity.  The Wiedemann-
Franz law gives the equation for the Lorentz number, L0, which relates thermal and 
electrical conductivities for metals7 
28
0 /1044.2 KWT
L Ω×=Λ=
σ
      (16) 
The thermal conductivity calculated was typically around 200 W/m-K.  The specific heat 
capacity and thermal conductivity for the silicon substrate were 1.64 J/cm3-K and 142 
W/m-K, respectively.  The specific heat for MoS2 was taken as 1.81 J/cm3-K.21  This 
compares to the theoretical high temperature limit of heat capacity22 given by 3NkB = 
2.29 J/cm3-K. Thickness were measured using Rutherford back-scattering which is 
discussed in Section 3.7.  TDTR experimental data and the model for each are included in 
Appendix A. 
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3.2  MoS2 Synthesis 
The MoS2 samples studied here were synthesized by two different methods.  The 
majority of the samples were grown using magnetron sputtering (MS) by C. Muratore of 
the Air Force Research Laboratory.  The ion-beam assisted deposition (IBAD) samples 
were courtesy of K. Wahl and the Naval Research Laboratory.   
Typical IBAD deposition is shown schematically in Figure 6.  Argon ions 
bombard molybdenum and sulfur targets, sputtering atoms onto the substrate.  The 
cleaning and ion assist beam is used before sputtering to clean the substrate and used 
during deposition to provide near-normal energetic assist ions to the growth process.4 
 
Figure 6.  Ion beam assisted deposition of MoS2 adapted from Seitzman et al.4 
 
  
 
Primary 
Sputtering 
Ion Beam 
Argon Ion 
Source 
Secondary 
Sputtering 
Ion Beam 
Argon Ion 
Source 
Argon Ion 
Source 
Mo 
Target 
S 
Target 
Substrate Quartz Crystal 
Thickness 
Monitor 
Cleaning and Ion 
Assist Beam 
 19 
The magnetron sputtered samples were grown as shown in Figure 7.  Substrates 
were heated under vacuum to 150°C and cleaned with positively charged argon and metal 
ions prior to sputtering.  The bias voltage on the MoS2 target was then cycled at varying 
frequencies and duty factors.  Duty cycle was determined by the relative amount of 
deposition time per cycle.5  Since MoS2 deposition occurs when the target potential is 
below -100 V, duty factor can be determined from the target potential waveform.   
 
Figure 7.  Schematic of magnetron sputtering process from Muratore et al.5 
 
3.3  X-ray Diffraction Characterization 
This method of characterization was used to determine the orientation of the 
MoS2 samples used in this study.  Two different methods of classifying orientation from 
the x-ray diffraction data were used.  Unless otherwise indicated “orientation” means the 
ratio of the intensity of the parallel peak to the sum of the intensities of the parallel and 
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perpendicular peaks.  In this case, an orientation of 0 indicates a perpendicularly oriented 
sample, while an orientation of 1 indicates a parallel oriented sample.  The second 
method of characterizing orientation was simply the ratio of the intensity of the parallel 
peak to the intensity of the perpendicular peak.  With this method, the greater the ratio, 
the more the orientation of the sample is parallel.   
100002
002
1, II
IOnOrientatio
+
≡   
100
002
2, I
IOnOrientatio ≡  
The goal of the x-ray diffraction characterization is to determine the orientation of 
the MoS2 samples in terms of parallel and perpendicular.  Figure 8 clarifies the 
definitions used here for parallel and perpendicular orientations.  The term perpendicular 
or parallel indicates the direction of the crystal planes relative to the substrate surface. 
 
 
Figure 8.  MoS2 orientation diagram 
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Figure 9.   Typical x-ray diffraction of different types of MoS2 samples 
 
 Typical x-ray diffraction patterns are shown for several different types of MoS2 
samples are shown in Figure 9.  The peaks shown in this figure are a parallel (002) peak 
around 13°, a perpendicular (100) peak around 33°, and a peak from aluminum (111) 
around 38°.  The green line represents a MoS2 sample magnetron sputtered, MS, with a 
DC target potential.  This type of sample does not exhibit either of the characteristic 
parallel or perpendicular peaks.  The blue, low-rate MS line represents a sample which 
has been magnetron sputtered with a low deposition rate.  The red line represents a 
sample magnetron sputtered with a high deposition rate.  The importance of these two 
lines is that, although they are both rf magnetron sputtered, the deposition rate results in 
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drastically different x-ray diffraction patterns, due to the difference in crystal structure as 
discussed by Muratore et al.5  The low-rate samples show a strong perpendicular peak 
with no parallel peak.  The high-rate samples exhibit both characteristic peaks with a 
stronger parallel peak.  The orange line represents typical ion-beam-assisted deposition 
MoS2 samples.  It shows characteristics of a highly-oriented parallel crystal structure by 
the strong (002) peak.  Appendix B contains the data from the XRD measurements. 
 
3.4  Transmission Electron Microscopy 
 Another method of characterizing MoS2 sample orientation is transmission 
electron microscopy, TEM.  TEM operates in much the same way as an optical 
microscope.  Instead of focusing light, with wavelengths on the order of 500 nm (in the 
visible range), electrons are electromagnetically focused on the sample. TEM images 
were used to examine a select number of MoS2 samples to verify that the orientation 
measured by XRD was representative of the crystal structure present in the sample.  
Low-rate Magnetron 
Sputtering (MS)
High-rate Magnetron 
Sputtering (MS)
Ion Beam Assisted 
Deposition (IBAD)
5 nm 5 nm 5 nm
 
Figure 10.  Select transmission electron microscope images  
of low-rate and high-rate MS and IBAD MoS2 samples 
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Figure 10 shows TEM images for three types of MoS2 samples.  These images 
show the crystallographic orientation of the structures.  The predominantly vertically 
oriented planes in the low-rate MS image indicate a perpendicularly oriented sample.  
Likewise, the predominantly horizontal planes in the high-rate MS image indicate that the 
sample is parallel oriented.  The strongly parallel orientation of the IBAD sample is 
shown by the distinct horizontal structure of the TEM image.  TEM was not performed to 
characterize each sample. TEM images were used to verify that the x-ray diffraction 
characterization was consistent with the actual crystallographic orientation of the film 
 
3.5  Rate-dependent Orientation 
 The deposition rate of magnetron sputtered samples (determined by duty cycle) 
has been shown to affect the crystal structure of the sputtered films.5  High deposition 
rates result in a film with greater perpendicularity than films grown with a low deposition 
rate.  The reason for this rate-dependent orientation is the effect of incident ion energy on 
growth kinetics.  For MoS2, diffusion of S and Mo atoms is more rapid on a (002) grain 
than on a (100) grain.  Therefore, (100) grains will grow more preferentially than (002).  
By manipulating the incident ion energy (by controlling duty factor), preferred growth of 
one orientation over the other can be accomplished.  
 
3.6  MoS2 Composition 
 Though the crystal structure of MoS2 has been investigated by x-ray diffraction, 
little is known about the chemical composition of sputtered films.23  The sputtering 
process incorporates impurities in the film which my have significant affects on the 
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thermal properties.  It is understood that 10-30% oxygen can be present in rf-sputtered 
MoS2 films.23  Lince determined that oxygen atoms can substitute sulfur atoms in the 
lattice resulting in films forming a solid solution of MoS2-xOx with a Mo:S ratio on the 
order of 1:1.5 rather than 1:2. 23  Oxygen contamination after film growth can form MoO3 
on the surface which has been shown to degrade the film.  In addition, oxygen present on 
the substrate prior to film growth as chemisorbed –OH can affect the growth of the 
crystal planes, inducing growth in the perpendicular orientation.23 
  
3.7  Rutherford Back-scattering 
In our study, thermal conductivity is sensitive to the disorder of the crystal lattice.  
Substituted oxygen atoms in the lattice may very well have a strong effect on the phonon 
transport through the film.  The film composition was measured using Rutherford 
backscattering spectormetry, RBS.  The basic principle of RBS is that helium ions are 
scattered on impacting atoms in the sample.  In making RBS measurements, helium ions 
are accelerated to high energies and impacted on the sample.  By measuring the energy of 
the ions after scattering off of the sample, the composition and thickness of the sample 
can be inferred, since the scattered ion energy depends on the angle of scattering, the type 
of atom scattering the ion, and the depth into the sample at which it scattered.   
The sample composition and thickness are determined by fitting a model, in 
which composition and thickness are free parameters, to match the experimental data as 
show in Figure 11.  The red dots are the experimental data points and the blue line is the 
simulated data based on a model with film composition and thickness as free parameters.  
The x-axis channel corresponds to the energy of the back-scattered particles measured by 
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the detector and the y-axis is a count of how many particles had a given energy in 
arbitrary units.  Appendix C contains the data and the results of the RBS measurements. 
 
 
Figure 11.  Typical Rutherford back-scattering analysis of 100 nm MoS2 sample 
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CHAPTER 4 
RESULTS AND CONCLUSIONS 
 
4.1  Initial Results 
To establish a baseline for thermal conductivity, amorphous MoS2 samples were 
measured for three thicknesses as shown in Figure 12.  It can be seen that the thermal 
conductivity of the amorphous samples are fairly constant with thickness with a value 
around 0.6 – 0.7 W/m-K.  Since no literature value was found for bulk MoS2, only 
compact powders, this will serve as a baseline value for comparison to other orientations. 
  
Figure 12.  Thermal conductivity vs thickness of amorphous MoS2 
 
 27 
Figure 13 shows the thermal conductivity values of MoS2 including magnetron 
sputtered samples.  The low-rate MS samples have a range of 0.40 – 1.59 W/m-K and the 
high rate MS samples have a range of 0.33 – 0.94 W/m-K.  As discussed earlier, the low-
rate MS samples are more perpendicularly oriented while the high-rate MS samples are 
more parallel.  We would therefore expect the low-rate MS samples to have a higher 
thermal conductivity than the high-rate MS.  There is not, as expected, a clear-cut 
distinction between the two types of samples.  The thermal conductivity of magnetron 
sputtered MoS2 does not appear to be a strong function of deposition rate or to vary 
systematically with thickness.  
 
Figure 13.  Thermal conductivity vs thickness of amorphous and MS MoS2 
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Figure 14 shows the results of the thermal conductivity measurements for all 
types of MoS2 samples.  The ion-beam-assisted deposition samples, the inverted orange 
triangles, have a strong parallel orientation.  The lowest measured thermal conductivity 
was an IBAD sample with a conductivity of 0.2 W/m-K.  The thermal conductivity of 
IBAD samples showed the second highest thermal conductivity, around 1.35 W/m-K.  
The IBAD samples have the most parallel orientation; therefore, they are expected to 
have the lowest thermal conductivity.  The thin IBAD samples have the lowest thermal 
conductivity values measured in this study.  
 
Figure 14.  Thermal conductivity vs thickness for all types of MoS2 samples 
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4.2  Thermal Conductivity vs Orientation 
 
Figure 15.  Thermal conductivity vs orientation of all types of MoS2  
 
Figure 15 shows the thermal conductivity plotted against orientation. The abscissa 
represents the orientation of the samples, measured by x-ray diffraction, by comparing 
the ratio of the intensity of the parallel peak to the sum of the intensities of the two peaks. 
The zero value indicates perpendicularity; a value of one denotes parallel orientation.  In 
this plot we can see the distinct differences in crystallographic orientation for the 
different types of MoS2.  The low-rate MS samples show a perpendicular orientation, the 
high-rate MS samples show a parallel orientation and the IBAD samples show a strongly 
parallel orientation.  DC sputtered samples are not shown because neither characteristic 
peak is present for these films.  There is not a strong trend between orientation and 
thermal conductivity.   
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There are several possible reasons why crystal orientation does not result in 
thermal conductivity anisotropy.  Orientation is not the dominant effect in determining 
thermal conductivity.  One factor affecting thermal conductivity is film composition.  As 
discussed previously, the molybdenum to sulfur ratio of sputtered MoS2 films typically 
deviates from the bulk ratio 1:2 to a ratio closer to1:1.5. It is very likely that oxygen or 
other contamination has a significant effect on thermal conductivity.  Surface or other 
defects may also be contributing factors.  It is also possible that the method used to 
characterize orientation is not sufficient to define the crystal orientation for heat transfer.   
 
4.3  Uniform Thickness Measurements 
It is possible that the crystal orientation varies through the film thickness, which 
makes determining an orientation value for an entire film a poor method of characterizing 
orientation with respect to the thermal properties of a thick film.  Using thin samples with 
a uniform thickness we can reduce the effect of changes through the thickness of the film.  
To further examine the thermal conductivity as a function of orientation, a set of samples 
was magnetron sputtered, all with a nominal thickness of 100 nanometers.  These 
samples do show a trend of decreasing thermal conductivity with increasing parallel 
orientation as shown in Figure 16 with a linear fit of the data.  However, the samples’ 
thermal conductivity range from 0.26 to 0.53 W/m-K, which is not as drastic of a change 
in thermal conductivity from parallel to perpendicular orientation.  
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Figure 16.  Thermal conductivity vs orientation of 100 nm samples 
 
4.4  Composition 
 As discussed previously, film composition was determined by Rutherford back-
scattering.  Although RBS does not give information about the chemical structure of the 
films, it gives the number density of each type of atom present.  The ratio of sulfur atoms 
to molybdenum atoms varied between each sample and was typically between 1:1.5 and 
1:2, which is consistent with the literature.24  The S:Mo ratio is used as a measure of 
sample composition where films with similar ratios are expected to have the same 
chemical composition. 
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Figure 17.  MoS2 composition vs thickness 
 
Figure 18.  Thermal conductivity as a function of S:Mo ratio 
 
 33 
Figure 17 shows the composition of the films in terms of S:Mo ratio plotted against film 
thickness.  Film composition does not appear to vary as a function of thickness, 
deposition rate of MS samples, or between IBAD and MS samples.  Figure 18 shows 
thermal conductivity plotted against composition.  There does not appear to be a 
correlation between thermal conductivity and composition.   
 
4.5  Conclusions 
 In this study, the thermal conductivity of MoS2 thin films were measured by time-
domain thermoreflectance, the films were characterized by x-ray diffraction to determine 
their crystallographic orientation, and film composition was determined by Rutherford 
back-scattering.   
Orientation and thermal conductivity were found to vary depending on deposition 
parameters.  Thermal conductivity was not strongly dependent on orientation.  Surface 
contaminants, defects, and variation through the thickness of the film, may be more 
dominant factors affecting the thermal conductivity compared to orientation.   
The lowest thermal conductivity reported is 0.2 W/m-K for a thin IBAD film.  For 
a set of thin (100 nm) films of thermal conductivity decreased with increasing parallel 
orientation.  The highest and lowest thermal conductivity reported for these films was 
0.53 and 0.26 W/m-K.   
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Appendix A 
TIME-DOMAIN THERMOREFLECTANCE DATA 
Sample No. Label 
Nominal  
Thickness [nm] 
Thermal Conductivity 
[W/m-K] 
101 DC MS 300 0.62 
102 DC MS 500 0.60 
103 DC MS 1000 0.72 
201 High-rate MS 300 0.94 
202 High-rate MS 500 0.33 
203 High-rate MS 800 0.51 
204 High-rate MS 1000 0.36 
301 Low-rate MS 150 1.59 
302 Low-rate MS 300 1.01 
303 Low-rate MS 500 0.44 
304 Low-rate MS 800 0.40 
305 Low-rate MS 1000 1.06 
401 IBAD 65 0.19 
402 IBAD 130 0.2 
403 IBAD 170 0.38 
404 IBAD 257 0.71 
405 IBAD 385 1.32 
406 IBAD 460 0.48 
501 100 nm MS 100 0.26 
502 100 nm MS 100 0.34 
503 100 nm MS 100 0.53 
504 100 nm MS 100 0.44 
505 100 nm MS 100 0.45 
506 100 nm MS 100 0.34 
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Sample 101 
-20 -10 0 10 20 30 40 50 60 70 80
-30
-20
-10
0
10
20
30
40
Time [ps]
V
500 nm amorphous
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
500 nm amorphous
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
68.44 2 2.42
1 1.00E-03 0.1
130.3 6.20E-03 1.81
1 1.42 1.64
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Sample 102 
 
-20 -10 0 10 20 30 40 50 60 70 80
-30
-20
-10
0
10
20
30
40
50
Time [ps]
V
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
300 nm amorphous
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
62.02 2 2.42
1 1.00E-03 0.1
260.5 6.00E-03 1.81
1 1.42 1.64
 38 
 
Sample 103 
-20 -10 0 10 20 30 40 50 60 70 80
-20
-10
0
10
20
30
40
Time [ps]
V
1000 nm amorphous
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
1000 nm amorphous
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
78.07 2 2.42
1 1.00E-03 0.1
814.1 7.20E-03 1.81
1 1.42 1.64
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Sample 201 
-20 -10 0 10 20 30 40 50 60 70 80
-20
-10
0
10
20
30
40
Time [ps]
V
300 nm parallel
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
300 nm parallel
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
76.46 2 2.42
1 1.00E-03 0.1
244.2 9.40E-03 1.81
1 1.42 1.64
 40 
 
Sample 202
-20 -10 0 10 20 30 40 50 60 70 80
-20
-15
-10
-5
0
5
10
15
20
25
30
Time [ps]
V
500 nm parallel
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
500 nm parallel
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
92.51 2 2.42
1 1.00E-03 0.1
366.33 3.30E-03 1.81
1 1.42 1.64
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Sample 203 
-20 -10 0 10 20 30 40 50 60 70 80
-30
-20
-10
0
10
20
30
40
Time [ps]
V
150 nm parallel
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
150 nm parallel
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
66.83 2 2.42
1 1.00E-03 0.1
506.5 5.10E-03 1.81
1 1.42 1.64
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Sample 204 
-20 -10 0 10 20 30 40 50 60 70 80
-20
-15
-10
-5
0
5
10
15
20
25
30
Time [ps]
V
1000 nm parallel
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
1000 nm parallel
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
66.83 2 2.42
1 2.00E-03 0.1
759 3.60E-03 1.81
1 1.42 1.64
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Sample 301 
-20 -10 0 10 20 30 40 50 60 70 80
-20
-10
0
10
20
30
40
50
Time [ps]
V
150 nm perpendicular
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
150 nm perpendicular
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
76.46 2 2.42
1 1.00E-03 0.1
194.5 1.59E-02 1.81
1 1.42 1.64
 44 
 
Sample 302 
-20 -10 0 10 20 30 40 50 60 70 80
-30
-20
-10
0
10
20
30
40
50
Time [ps]
V
300 nm perpendicular
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
300 nm perpendicular
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
70.04 2 2.42
1 1.00E-02 0.1
245.1 1.01E-02 1.81
1 1.42 1.64
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Sample 303 
-20 -10 0 10 20 30 40 50 60 70 80
-20
-10
0
10
20
30
40
Time [ps]
V
500 nm perpendicular
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
500 nm perpendicular
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
60.41 2 2.42
1 1.00E-03 0.1
388.9 4.40E-03 1.81
1 1.42 1.64
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Sample 304 
-20 -10 0 10 20 30 40 50 60 70 80
-30
-20
-10
0
10
20
30
40
Time [ps]
V
800 nm perpendicular
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
800 nm perpendicular
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
66.83 2 2.42
1 1.00E-03 0.1
575.3 4.00E-03 1.81
1 1.42 1.64
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Sample 305 
-20 -10 0 10 20 30 40 50 60 70 80
-20
-10
0
10
20
30
40
Time [ps]
V
1000 nm perpendicular
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
1000 nm perpendicular
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
76.46 2 2.42
1 1.00E-03 0.1
705.5 1.06E-02 1.81
1 1.42 1.64
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Sample 401 
-20 -10 0 10 20 30 40 50 60 70 80
-20
-15
-10
-5
0
5
10
15
20
25
30
Time [ps]
V
65 nm highly oriented
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
65 nm highly oriented
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
95.72 2 2.42
1 1.00E-03 0.1
76 1.90E-03 1.81
1 1.42 1.64
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Sample 402 
-20 -10 0 10 20 30 40 50 60 70 80
-20
-15
-10
-5
0
5
10
15
20
25
30
Time [ps]
V
130 nm highly oriented
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
130 nm highly oriented
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
95.72 2 2.42
1 1.00E-03 0.1
122.1 2.00E-03 1.81
1 1.42 1.64
 50 
 
Sample 403 
-20 -10 0 10 20 30 40 50 60 70 80
-30
-20
-10
0
10
20
30
40
Time [ps]
V
170 nm highly oriented
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
170 nm highly oriented
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
81.28 2 2.42
1 1.00E-03 0.1
133.9 3.80E-03 1.81
1 1.42 1.64
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Sample 404 
-20 -10 0 10 20 30 40 50 60 70 80
-15
-10
-5
0
5
10
15
20
25
30
Time [ps]
V
257 nm highly oriented
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
257 nm highly oriented
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
95.72 2 2.42
1 1.00E-03 0.1
242.4 7.10E-03 1.81
1 1.42 1.64
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Sample 405 
-20 -10 0 10 20 30 40 50 60 70 80
-15
-10
-5
0
5
10
15
20
25
30
Time [ps]
V
385 nm highly oriented
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
385 nm highly oriented
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
95.72 2 2.42
1 1.00E-03 0.1
351 1.32E-02 1.81
1 1.42 1.64
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Sample 406
-20 -10 0 10 20 30 40 50 60 70 80
-15
-10
-5
0
5
10
15
20
25
30
Time [ps]
V
460 nm highly oriented
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
460 nm highly oriented
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
97.33 2 2.42
1 1.00E-03 0.1
369 4.80E-03 1.81
1 1.42 1.64
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Sample 501 
-20 -10 0 10 20 30 40 50 60 70 80
-6
-4
-2
0
2
4
6
8
Time [ps]
V
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
060409
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
98.93 2 2.42
1 2.00E-03 0.1
81.4 2.60E-03 1.81
1 1.42 1.64
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Sample 502 
-20 -10 0 10 20 30 40 50 60 70 80
-6
-4
-2
0
2
4
6
8
Time [ps]
V
061209
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
061209
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
98.93 2 2.42
1 2.00E-03 0.1
90.5 3.40E-03 1.81
1 1.42 1.64
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Sample 503 
-20 -10 0 10 20 30 40 50 60 70 80
-6
-4
-2
0
2
4
6
8
10
Time [ps]
V
062409
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
062409
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
97.33 2 2.42
1 2.00E-03 0.1
101.3 5.30E-03 1.81
1 1.42 1.64
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Sample 504 
-20 -10 0 10 20 30 40 50 60 70 80
-6
-4
-2
0
2
4
6
8
Time [ps]
V
070709
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
070809
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
82.88 2 2.42
1 5.00E-03 0.1
98.6 4.40E-03 1.81
1 1.42 1.64
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Sample 505 
-20 -10 0 10 20 30 40 50 60 70 80
-6
-4
-2
0
2
4
6
8
Time [ps]
V
070809
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
070809
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
82.88 2 2.42
1 5.00E-04 0.1
104.9 4.50E-03 1.81
1 1.42 1.64
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Sample 606 
-20 -10 0 10 20 30 40 50 60 70 80
-6
-4
-2
0
2
4
6
8
Time [ps]
V
071409
 
 
Vin
V
out
102 103
100
Time [ps]
V r
at
io
071409
 
 
Experimental Data
Model1.50E-03 1.60E-03 9.80E+06 8.00E+07 5
1 20 24.2
82.88 2 2.42
1 5.00E-03 0.1
87.3 3.40E-03 1.81
1 1.42 1.64
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Appendix B 
X-Ray diffraction DATA 
Sample No. Label 
Nominal  
Thickness [nm] 
Orientation 
[I100/(I002+I100)] 
101 DC MS 300 
-- 
102 DC MS 500 
-- 
103 DC MS 1000 
-- 
201 High-rate MS 300 0.80 
202 High-rate MS 500 0.71 
203 High-rate MS 800 0.81 
204 High-rate MS 1000 0.74 
301 Low-rate MS 150 0.00 
302 Low-rate MS 300 0.00 
303 Low-rate MS 500 0.00 
304 Low-rate MS 800 0.00 
305 Low-rate MS 1000 0.00 
401 IBAD 65 1.00 
402 IBAD 130 1.00 
403 IBAD 170 1.00 
404 IBAD 257 0.97 
405 IBAD 385 0.94 
406 IBAD 460 0.98 
501 100 nm MS 100 0.71 
502 100 nm MS 100 0.88 
503 100 nm MS 100 0.00 
504 100 nm MS 100 0.31 
505 100 nm MS 100 0.57 
506 100 nm MS 100 0.00 
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Sample 102 
10 15 20 25 30 35 40
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500 nm amorphous
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Appendix C 
RUTHERFORD BACK-SCATTERING DATA 
Sample No. Label 
Nominal  
Thickness [nm] 
Thickness 
[nm] Ratio S/Mo 
101 DC MS 300 130 1.76 
102 DC MS 500 261 1.92 
103 DC MS 1000 814 1.95 
201 High-rate MS 300 244 1.78 
202 High-rate MS 500 366 1.81 
203 High-rate MS 800 507 1.63 
204 High-rate MS 1000 759 1.57 
301 Low-rate MS 150 195 1.66 
302 Low-rate MS 300 245 1.80 
303 Low-rate MS 500 389 1.73 
304 Low-rate MS 800 575 1.60 
305 Low-rate MS 1000 706 1.73 
401 IBAD 65 76 1.43 
402 IBAD 130 122 1.56 
403 IBAD 170 134 1.69 
404 IBAD 257 242 1.71 
405 IBAD 385 351 1.75 
406 IBAD 460 369 1.90 
501 100 nm MS 100 81 1.87 
502 100 nm MS 100 91 1.76 
503 100 nm MS 100 101 1.92 
504 100 nm MS 100 99 1.67 
505 100 nm MS 100 86 1.81 
506 100 nm MS 100 87 1.73 
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